Jasmonic acid (JA) is a plant hormone that plays important roles in a large number of processes in stress adaptation and development in flowering plants. A search of genome database indicated the existence of allene oxide synthase (AOS), an enzyme of JA biosynthesis, in Physcomitrella patens, a model plant among mosses. In this study, the presence of JA was detected in P. patens. The recombinant AOS of P. patens, which was overexpressed in Escherichia coli, showed AOS activity. These data suggest that the octadecanoid pathway also exists in P. patens.
Jasmonic acid (JA) is a plant hormone that regulates responses to environmental and developmental cues in flowering plants. 1) JA plays important roles in coordinating plant defense responses to herbivores and microbial pathogens. 2) The JA-mediated defense system is activated primarily by the accumulation of JA in response to both abiotic and biotic stresses. 3) JA is biosynthetically produced by the so-called octadecanoid pathway ( Fig. 1 ). 4) This pathway is initiated by the LOX-catalyzed oxygenation of -linolenic acid. In the biosynthesis of JA, insertion of oxygen can occur at position 13 of -linolenic acid by 13-LOX. The resulting hydroperoxide, 13-HPOT, can be metabolized by AOS into an unstable allene oxide, 12,13-EOT. This is the first specific reaction, and it plays important roles in the regulation of JA biosynthesis. After 12,13-EOT is cyclized by AOC to OPDA, OPDA is reduced by OPR3 to yield OPC-8:0. Three steps of -oxidation give (þ)-iso-JA [(3R,7R)-configuration], and iso-JA is simultaneously isomerized to ðÀÞ-JA [(3R,7S)-configuration], the final product in the pathway. Recently, the detailed mechanism of JA signal transduction was described. The key step in JA signal transduction is the binding of JA-Ile with the ubiquitin ligase SCF COI1 , which promotes JAZ proteins degradation by the 26S proteasome. 5) Mosses, non-vascular plants, have been found to respond to various environmental stimuli and several plant hormones, as flowering plants. The divergence of mosses and vascular plants dates back to almost 400 million years ago. P. patens, a small moss, has recently become a model plant, because its simple developmental processes and facile genetic analysis are appropriate to the study of basic process in plant biology. 6) Moreover, the genome of P. patens has recently been elucidated, and full-length cDNA and ESTs are available in the database. 7) Until now, the actions of certain plant hormones, including abscisic acid and indole acetic acid, have been studied extensively in P. patens. 8, 9) Although analysis of the genome of P. patens revealed the presence of putative genes encoding enzymes involved in JA biosynthesis and proteins for JA signal perception in P. patens, the biosynthesis and functions of JA have been overlooked in P. patens. 10, 11) This is the first report to characterize AOS, an enzyme in JA biosynthesis, in the octadecanoid pathway, in P. patens.
A search of genome database revealed that two putative AOS genes, designated PpAOS1 (GenBank accession no. XM 001767818) and PpAOS2 (GenBank accession no. XM 001759577) were in P. patens. The deduced proteins, which consist of 475 amino acids each, share 71% identity and 85% similarity, and have predicted molecular masses of 53.5 kDa. Both amino acid sequences have almost 40% identity and 60% similarity with the AOSs of flowering plants ( Fig. 2 ). Phylogenetic analysis showed that PpAOSs were separated from any existing AOS cluster. We first tried to clone PpAOS1. The internet iPSORT program (http: //hc.ims.u-tokyo.ac.jp/iPSORT/) predicted the absence of a chloroplast-targeting signal peptide at the Nterminal of PpAOS1. Hence, the whole ORF of PpAOS1 was amplified by RT-PCR. Total RNA was extracted from P. patens, which was grown on a sterilized Jiffy 7 (Sakata Seed, Yokohama, Japan) under continuous fluorescent light at 25 C for 3 monthes. The reverse transcription (M-MLV reverse transcriptase, Invitrogen, Carlsbad, CA, USA) was carried out according to the manufacturer's manual to yield cDNA. PCR was carried out with the cDNA using a forward primer (PpAOS1- Communication primer (PpAOS1-R1, 5 0 -TCACTTTTTGAGATCGG-AAAAG-3 0 ), and KOD FX DNA polymerase (Toyobo, Osaka, Japan). The resulting PCR product was excised from the gel and ligated into cloning vector pBluescript SK II (þ) (Stratagene, La Jolla, CA, USA) to obtain plasmid pSK-PpAOS1. After sequence analysis of pSK-PpAOS1, PCR was carried out with pSK-PpAOS1 using primers containing a restriction enzyme site, a forward primer (PpAOS1-F2 with NdeI site, 5 0 -CTTCATATG-GCAGTCCCTTCATCCAAG-3 0 ), and a reverse primer (PpAOS1-R2 with XhoI site, 5 0 -GGAACTCGAG-CTTTTTGAGATGGAAAAG-3 0 ). After digestion of the PCR product with NdeI and XhoI, the gene fragment was ligated into the expression vector pET23a (Merck, Darmstadt, Germany) digested by the same enzymes to obtain plasmid pET23a-PpAOS1. After sequence analysis of pET23a-PpAOS1, this plasmid was transformed into E. coli BL21. A single colony was grown overnight in 20 ml of LB medium containing 100 mg/ml of ampicillin at 37 C. A 10-ml aliquot of the culture was inoculated into 1 liter of LB medium containing 100 mg/ml of ampicillin, and this was incubated at 22 C. After the culture had grown to a cell density of OD 600 ¼ 0:8{1:0, recombinant protein synthesis was induced by the addition of IPTG at 0.2 mM. After further incubation for 5 h, the cells were collected by centrifugation. They were resuspended in 50 mM sodium phosphate buffer (pH 7.4) containing 0.3 M NaCl and 0.5 mM PMSF, and ruptured by ultrasonication. The cell debris was removed by centrifugation, and the supernatant was subjected to Ni-NTA agarose column chromatography (2 ml, GE Healthcare, Buckinghamshire, England) and washed with the buffer (20 ml). The His-tag fused protein was eluted with the buffer containing 100 mM imidazole and 0.3 M NaCl. The fraction containing the protein was dialyzed with the buffer, and the protein was used in enzymatic activity analysis. Although PpAOS2 was also cloned and overexpressed in E. coli, the expressed protein was not obtained in soluble form (data not shown).
To measure AOS activity, PpAOS1 was reacted with 13-HPOT. The resulting product, 12,13-EOT, is immediately converted to -ketol and racemic OPDA nonenzymatically. Hence, the detection of these compounds in the reaction mixture provides evidence of 12,13-EOT and AOS activity. GC-MS analysis of the converted products of 13-HPOT by PpAOS1 ( Fig. 3) was carried out using a QP-2010 GC-MS spectrometer (Shimadzu, Kyoto, Japan) equipped with a TC-1 capillary column (0:25 mm Â 30 m, GL-Science, Tokyo, Japan). The converted products of 13-HPOT by PpAOS1, which was methylated by diazomethane, showed an ion peak of m=z 306, corresponding to a molecular ion peak [M] þ of a methyl ester of OPDA together with specific fragment ion peaks of 275 (½M À OCH 3 þ ), 238 (½M À C 5 H 9 þ ), 163 (½M À C 8 H 15 O 2 þ ), and 149 (½M À C 9 H 17 O 2 þ ). These spectral data indicated the occurrence of OPDA in the reaction mixture. 12) The methylated product was trimethylsilylated by BSTFA. Its GC-MS spectrum showed particular ion peaks of m=z 453 (½M À CH 3 þ ), 437 (½M À OCH 3 þ ), 399 (½M À C 5 H 9 þ ), and 309 (½M À C 6 H 10 OSiðCH 3 Þ 3 þ ); these data indicated the presence of a trimethylsilylated -ketol derivative. 12) These results clearly showed that the recombinant PpAOS1 had AOS activity.
Using 13-HPOT as a substrate, we determined the pH optimum of PpAOS1 in 50 mM sodium phosphate buffer. The pH values of the buffer ranged from 5.0 to 8.0 at 0.5 intervals. PpAOS1 showed a pH optimum of approximately 6.0. This result is interesting, because the optimal pH of AOSs in flowering plants ranges from pH 7.0 to 8.0, and is different from that of PpAOS1. The pH optima of some PpLOXs using -linolenic acid as a substrate has been shown to be about pH 6.0. 13) Considering these data, slightly acidic conditions might be necessary for JA biosynthesis in P. patens. For kinetic analysis, the AOS reaction was carried out in 1 ml of buffer containing 50 mM sodium phosphate (pH 6.0), 0.1 mg of purified PpAOS1, and various amounts of substrates. The reaction mixture was incubated at 25 C and monitored by the decrease in absorbance at 234 nm. The kinetic parameters were estimated by the Michaelis-Menten equation using 13-HPOT. The Vmax value and Km value of PpAOS1 were determined to be 21:7 AE 4:7 mmol/s/mg and 59:3 AE 18:7 mM respectively.
Semi-quantitative RT-PCR was carried out to evaluate the mRNA expression levels of the PpAOSs. The results indicated that the expression of PpAOS1 was higher than that of PpAOS2; this suggests that PpAOS1 operates JA biosynthesis in P. patens predominantly (Fig. 4) . The reaction products were methylated with diazomethane and then trimethylsilylated by BSTFA. GC-MS spectra of OPDA methyl ester (A) and -ketol derivative (B).
Finally, we tried to identify JA in P. patens. The endogenous amount of JA was measured by UPLC-MS/MS in a multiple reaction monitoring (MRM) analytical mode. 14) The amount of JA in P. patens was 879 AE 136 ng/g (mean value AE SD for three independent experiments). The JA amount in P. patens, which was analyzed in this experiment, was much higher than that in flowering plants. During the preparation of this report, Oliver et al. also identified the presence of JA in P. patens, but the amount of JA analyzed in this study was much higher than that found by them. 15) The difference of JA amounts between these studies might be due to the growing conditions for P. patens.
Bryophytes (mosses, liverworts, and hornworts) are considered to be intermediate plants between algae and vascular plants in plant evolutionary history, and to be among the oldest groups in land plants. 16) Recently, P. patens has been shown to possess a variety of lipoxygenases, and some of them, which are expected to be localized in the chloroplasts, generate 13-HPOT from -linolenic acid. 13) The lipoxygenase activity and the AOS activity in this study suggest that the octadecanoid pathway is present in P. patens. However, the activities of AOC and OPR, which are downstream enzymes of AOS in the pathway, have not been shown in P. patens yet. Confirmation of AOC and OPR activities is necessary to prove the existence of the octadecaoid pathway in P. patens. Recently, JA treatment and certain abiotic stresses increased the concentrations of momilactones A and B, allelochemicals in the moss Hypnum plumaeforme. 17) Moreover, the JA amount in P. patens was elevated by Pythium infection. 15) Taking into consideration these findings, JA might function as a signal molecule in bryophytes.
